PHYSICAL REVIEW B 68, 054429 (2003

Pressure enhanced tunnel magnetoresistance in Co-Al-O granular films
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Effects of high pressure on tunnel transport and magnetoresistance have been investigatgdl ig3z¢
insulating granular films. It is found that the temperature dependence of electrical resjsgtiVjtys affected
strongly by applying pressure while tie 2 dependence ip(T) is still observed at high pressures. Further-
more, tunnel magnetoresistance is enhanced by more than 2% at 3.1 GPa. The results are discussed briefly on
the basis of higher-order tunneling theory.
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I. INTRODUCTION

The giant magnetoresistané&EMR) was discovered in
Fe/Cr magnetic multilayers by Baibiat al* In various lay-

granulegd) and the mean distance between gran($sare
estimated to bdd)=2-3 nm and(s)=1 nm or lesg>?!
Temperature dependence of electrical resistipitgnd mag-
netoresistancéMR) were measured using a dc four-terminal

ered and granular systems, GMR and large tunnel magnenethod. The maximum applied magnetic field was 2 T. The

toresistance(TMR) have been observed to daté? The

current and magnetic field directions were always in plane.

GMR and TMR effects have been investigated not only inHydrostatic pressure was generated up to 3.1 GPa by the
the application but also in the fundamental aspects in th@iston-cylinder device utilizing the conventional teflon-cell
transport properties in materials. However, there have beetechnique. The pressure inside the cell was always kept con-
no complete understanding both in GMR and TMR. stant by controlling the load of hydraulic press withirb%
Since pressure is a good tool to change the electronic anthroughout the measurement. The details of the present high-
structural properties continuously, a lot of new aspects can bgressure apparatus were reported previotfsye also mea-
expected in the research of transport properties at high presuredp(T) curve of the specimen GgAl,,O33 (43 at. % Co
sure in these materials. In fact, the pressure effects on GMRor the comparison, which is away from the percolation limit
of Fe/Cr or Co/Cu magnetic multilayers have been investicompared with 52 at. % Co.
gated extensively by the present auth@sO. and K.T), in
which many important results were reportéd'®A Co-Al-O
granular film is a typical example of granular materials ex-
hibiting TMR 2% which has a structure that Co granules

(2—3 nm are embedded in an insulating Al oxide. The con-  Figure 1 shows the temperature dependence of the elec-
ductance of granular systems shoyvs a characteristic tempergicg) resistivity p under zero and high pressure up to 3.1
ture dependence due to tunneling between Co granule§pa p increases with decreasing temperature. The overall
across the insulating Al oxide. In this transport, the chargingyenavior ofp(T) under high pressure is similar to that at 0

energy of Co granules and the distance between them haygpa (ambient pressuye Therefore the conduction mecha-
been well known to be crucially important. Therefore, sig-

nificant pressure effect for TMR of Co-Al-O granular films is
expected. In this paper, we report the effects of pressure ol
the electrical resistivity and magnetoresistance due to tunnel
ing effect in granular systems.

Ill. RESULTS AND DISCUSSION

A. Temperature dependence of the electrical resistivity

900

600

Il. EXPERIMENTAL PROCEDURE

(Qcm)

Co-Al-O granular films were prepared on glass substrates o 300

using reactive-sputtering technique with a Co-Al alloy target

and mixed gas of Ar0,.>® The chemical composition of

the film was determined by energy dispersive method in 0
x-ray spectroscopy to be G\l ,,0,g (hereafter we describe i & 8 10 12 1

as 52 at. % Cp in which the volume fraction of Co was 7(K)

approximately 59 vol. %. The TEM observation and magne-

tization measurement revealed that the diameter of Co gran- FIG. 1. The temperature dependence of resistivity under zero
ulesd was distributed to some extent. The mean diameter ofind high pressure for the §&l,,0,g thin film.
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FIG. 2. The pressure coefficient of the electrical resistipitys 0.0 0.1 0.2 n ‘_3572 0.4 0.5
a function of temperature for GgAl,(O;, (B) and CQzAl,,053 77K

(O), respectively. i 12 i
FIG. 3. Inp at 0, 2, 3.1 GPa as a function &f ““ The solid

nism under high pressure is almost the same as that at ar{2€S are the fitting curves to E¢8) by assumingEc/kg=23 K,
gh p k(sy=4, 3.26, and 2.95 for 0, 2, and 3.1 GPa, respectively. See the

bient pressure. But the increasing rate of resistildty/dT| oxt for the dotails
becomes small as pressure increases. This indicates that prés- '
sure enhances the tunneling conduction at low temperatur

The pressure coefficients gdidp/ JP) are easily estimated almost the same compositié2 at. % Co in order to check

from the data shown in Fig. 1. The coefficients of 52 at. % o "
Co is shown in Fig. 2 as a function of temperature Afterreprodu0|b|llty of the data, because a compositional fluctua-
' : ion may exist in the sputtered film. The coefficients are

releasing pressure, the magnitude of resistance was neaé[]yund to decrease approximately linearly with increasin
same before pressurizing within the experimental error. It i PP y y 9

seen that the coefficients increase slightly with decreasinfjf€SSure: 2C/kg decreases by about 11% near 3 GPa. There

temperature down to 100 K but shows a steep increase beloly N© 1arge difference between two samples except the abso-

100 K. The pressure coefficients of 43 at. % Co are als¢ute value_ ofC. In a simple considergtion, the_Co granules
shown in Fig. 2, which is found to be smaller than that of 52and Al-oxide matrix are compressed in the similar way under

at. % Co. The coefficients vs temperature curve of 52 at. ofigh pressureC(~sEc) is expected to be constant, sirieg

Co is nearly parallel to that of 43 at. % Co. The temperatureS Foughly proportional to 1, i.e., C~s/d, and boths andd
dependence of the coefficients will be discussed later. decrease at the same rate, wheré the diameter of Co

For the electrical resistivity of granular films, the follow- 9ranules. However, the observed pressure dependeiiesof
ing equation has been appligt* quite different from thls simple idea mentioned above. Frpm
C=«sE., the experimental result suggests that the Al-oxide
C matrix is more compressible than Co granules and the re-
p=Aexp{2\/ﬁ], (1) markable change i€ is mainly due to the decrease sf
B With decreasing, «(~ v/¢) may also be reduced. The pres-
sure coefficient of 2/C is =—7% for the high temperature
range(25 K—room temperatujewhich is twice larger than
whereA is the constantC is the activation energys is the  that of Cg3AIl,,053 (43 at. % Co, ~ —3%, as was reported
tunnel-barrier thicknes€. is the charging energy of metal- previously® The 43 at. % Co is away from the percolation
lic grain, andk is the decay factor of tunnel probability,
proportional to the square root of effective potential barrier
height ¢. From Eq. (1), we derive the equation p(T)
«2\/C/kgT~ Y2 In order to examine this relationship, we

plotted the experimental values ofgras a function off ~ 12, 3 Lo
which is shown in Fig. 3. It is found that the present data can o 9F \ _
be approximately expressed by this relationship, although the 5” o

[a\]

?/\'/e measured for two different sample&,and B, having

C=«kskE;,

values of the coefficient ¢C/kg depend slightly on tem-
perature range. The values ofy@/kg in the high- 8r = samploA
temperature rangeT& 25 K) are smaller than those in the o sampleB fitting range 6.25K — 25K

low temperature T=25 K). It should also be noted that the an ' , .
linear relationship in Ip vs T~ Y2 is still observed under 0 ! 2 3
high pressure. £(GPa)

Figure 4 shows 2C/kg as a function of pressure. The  FiG. 4. The coefficient of 2C/kg as a function of pressure for
values of 2/C/kg were obtained by fitting the experimental Cas,Al,0,5 samplesA andB. The solid lines are guide to the eye
data to Eq.(1) in the temperature range from 6 K to 25 K. for each sample.
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FIG. 5. The pressure coefficientpl#p/dP) as a function of FIG. 6. MR curves measured at 4.2 K under 0.1 GPa and 2.5
T2 The solid line is a guide to the eye. GPa. The vertical axis indicates the values ®™p/pyax, Ap

=p(H)— pmax-
threshold in Co-Al-O system~+20% oxygen. From the re-
sults of TEM observation and a suitable model calculationmentioned in Sec. Il C. In that section, we will also show
(s) of 43 at. % Co was estimated to be about 50% larger thathat this effect becomes significant in low-temperature range
that of 52 at. % Cd' Considering that the transition from below ca. 23 K, because the charging energy of granules
tunneling to metallic conduction occurs near the quantun{Coulomb blockadg which is as much as 23 K by theoreti-
resistance £ 26 kQ),%° the critical resistivity in Co-Al-O is  cal calculation, plays an important role. Taking into account
estimated to be about I8 Q cm, which was confirmed of these facts, it is suggested that the effect of higher-order
experimentally® In the present work, the resistivities of 43 tunneling is a possible origin for the deviation frof 1/
at. % Co and 52 at. % Co are 08 cm and 0.1Q cm at dependence in Fig. 5.
room temperature, respectively. This result indicates that 52
at. % Co is closer to the transition region than 43 at. % Co.
Furthermore, it is observed that the 52 at. % Co shows a Figure 6 shows the MR ratidAp(H)/ppax at 4.2 K as a
tendency of metallic conduction in the high-pressure rangdunction of magnetic fieldH(T) atP=0.1 GPa and 2.5 GPa.
above 3 GP&! On the basis of these facts, an instability in Ap(H)/pmax is defined asAp(H)/pnax=[p(H) ~ pmail/
the electronic and structural properties is expected around th&max, Where ppay is the maximum resistivity around zero
transition region. The large pressure effect on the electricadpplied field ang(H) is the resistivity at a fieldd. All MR
resistivity (see Fig.1 and the value ofC of 52 at. % Co curves show the maximum around 50 mT. As pressure in-

B. Tunneling magnetoresistance

mentioned above probably reflects such instability. creases, the MR ratio increases from 14% at 0.1 GPa to
Next we consider the results in Fig. 2. According to Eq.about 16% at 2.5 GPa. This result indicates that TMR is
(1), the pressure coefficient of is described as enhanced by applying pressure. Figure 7 shows the MR ratio

1dp 1 9(2\Clkg) @ " ' ' ' ' '
- et — "
pdP T P 16| | CosALyOyg

T'=4.2K

Since the pressure dependence qfCZkg is found to be
linear against pressure below 3.1 GPa as indicated in Fig. 4,
d(2+/Clkg)/ 9P is constant. So the pressure coefficient is &

roughly proportional tol ~*?, i.e., it increases with decreas- & | 7 .- -
ing temperature. Figure 5 shows the pressure coefficient — [ 7 7 .-
1/p(dpl 9P) as a function off ~*2 for 52 at. % Co. A linear
relation is found in the temperature range bel®6w"°~ 0.2 14 [B--
(T=25 K), but below 25 K, it shows a deviation from the
linear dependence. In other words, the electrical conduction 0 ’ 1 9 3

described by Eq(1) is not applicable in this temperature P(GPa)

range. A different conduction mechanism is needed to ex-

pIain the conduction in this range. It is well established that FIG. 7. Pressure dependence of the MR ratio for two sanmbles
the conduction of Co-Al-O granular materials in this tem- () andB (M). Triangles (A) indicate MR ratios estimated from
perature range is dominated by the higher-or@er-called Eq.(5) for sample A at 2.0 GPa and 3.1 GPa. The dashed line shows
cotunneling effect in the tunnel conduction which will be the result of calculation.

Sample A

B~ Sample B
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at T=4.2 K as a function of pressure for samplésandB.  indicate that the observed pressure dependenge(Tf is
The values of TMR increase linearly with increasing pres-well described through the pressure effect7«3§a> in Eq.(3).
sure: the MR ratio increases by about 2% by applying 3.1 Using Eq.(3), the magnitude of TMR in granular systems
GPa. The pressure dependence of TMR of sampls al- is expressed as

most the same as that Bf In other words, there is no large
difference between the samples as far as the pressure depen-
dence of TMR is concerned. The TMR of 43 at. % Co was
measured also at high pressure up to 2 GPa, in which the
pressure dependence of TMR was found to be smaller than =(n*+1)m?P?. (6)
that of 52 at. % Co.

Apl ppay=1—(1+m?P?)~ (" 1) (5)

_ _ The temperature dependence of TMR in Co-Al-O granu-
C. Higher-order tunneling lar films at ambient pressure has been well explained by this

TMR in the granular systems at low temperatures hadnodel” TMR changes through the value of : TMR in-
been reported by several auth®#s% It has been revealed Creases when* becomes large and vice versd. is related
that the Sheng’s model and its extension to magnetic grand® the number of small granules between larger ones, which
lar system incorporating the effect of spin-dependent tunnelcontribute to the higher-order tunneling. Equati@h shows
ing is not able to explain the experimental restftRecently, that the higher-order tunneling enhances TMR by the factor
Takahashi and Maekawaand Mitani et al?® presented a of (n* +1). Taking the relatiom* = ((Ec)/x(s))*? into ac-

theory taking into account higher-order tunneling. In Sheng'&:ount’ n* increases with increasing pressure beca,u@
model, tunneling is possible only between granules with thejecreases with pressure. This means that TMR in the higher-
same size. On the other hand, the distribution in granulagrder tunneling regime is enhanced by applying pressure,

size$® is well considered in the higher-order tunneling which is in qualitative agreement with the present result in
model: the large granules are separated by small ones due fgy. 7

their low number density. Since the effect of Coulomb block-  From Eq.(5), we have calculated the pressure-enhanced
ade is significant at low temperature, higher-order processepMR, in which we used the same parameters as those in the
become dominant in the conduction. The process is that fitting of p(T). P was determined from the value of TMR at
carrier is transferred from a charged large granules to &.1 GPa to be 0.315. The estimated values of TMR at high
neighboring neutral large granules through the array of smafbressure on the basis of E(f) are shown in Fig. 7 by a
granules, using the successive tunneling of electrons. Acdashed line. The result shows an increase in TMR with in-
cording to this theory? the temperature dependence of resis-creasing pressure, which is qualitatively in agreement with

tivity with the higher-order process is described as the present experimental results. The quantitative difference
oo (i 1 - 1 is probably due to the rough approximation in the simplified
p(T)=A"(1+m?P?)~ (" *1(n*/k(s)) model. The present result indicates that the pressure-

enhanced TMR is qualitatively explained by the higher-order

1 — .
% exd 2 /2K<S><Ec>/kBT], 3) tunneling theory.
f(n*)
where m=M/Mg is the magnetization normalized to the IV. CONCLUSION

saturatiorl magnetizatioM s arpl P is spin polarizationn*® We have studied the effect of pressure on the electrical
= ((Ec>/8K(S>k2§T)1/Z: where «/xk~1+ (1/4K<5>)|'_1[(9/71)2 resistance and TMR of Co-Al-O granular thin film. The main
+((Eg)2mkgT)"] and g is a constant. The functioh(n*)  results are summarized as follows.

represents a distribution of conduction paths, which is as- (1) The steep increase in theT) at low temperature is
sumed to bec1/n*. (s) is a mean distance between granulesiargely suppressed by applying pressure.

with average sizgd). Equation(3) shows temperature de-  (2) The pressure coefficients pfshowT 2 dependence
pendence similar to that in E¢l). Comparing Eq(3) with  gown to 25 K but a deviation from this is observed below 25

Eq. (1), we obtain the coefficient of T~ 2 as K.
~ (3) The magnitude of TMR at 4.2 K is enhanced by ap-
C=2k(s)(Ec). (4 plying pressure.
The observeg(T) can also be fitted to Eq3) with m=0. The present results are understood qualitatively on the

~ basis of the recent theory taking into account the higher-
In Eq. _(3)’ ﬂje unknown_falameters afe, «(s), andEc. order tunneling and a decrease of the distafg)ebetween
ChOOS|ngA :815X 10 y .K<S>:4, and EC/kB_: 23 K, granu|es by app|y|ng pressure'

p(T) at ambient pressure is found to be well fitted at low

temperatures. As mentioned above, the pressure effea)on

is expected to be definitely larger than that Bg, and x

probably decreases with decreasiisy. Therefore, for sim-  This work was performed under the interuniversity coop-
plicity, p(T)s at 2.1 and 3 GPa are fitted by adjusting onlyerative research program of Laboratory for Advanced Mate-
k(s). The fitting curves shown by solid curves in Fig. 3 rials, Institute for Materials Research, Tohoku University.
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